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Abs tract 

We used clas si cal mo lec u lar sim u la tion meth ods to study
var i ous ar range ments of in ter ca lated op ti cally ac tive
4-4’-dipyridylamine de riv a tives within the interlayers of
zir co nium 4-sulfophenylphosphonates (ZrSPhP). One
from these de riv a tives are the mol e cules of
3-methoxy-N-(pyridin-4-yl)pyridin-4-amine (moAPY2),
which were placed among the ZrSPhP lay ers. Their mu -
tual po si tions and ori en ta tions were cal cu lated by the mo -
lec u lar sim u la tion meth ods to find con for ma tions and
ar range ments with the low est value of to tal po ten tial en -
ergy and with re spect to the val ues of to tal di pole mo ment
of the in ter ca lates within the interlayer space. The fi nal cal -
cu lated model showed par tially dis or dered ar range ment of
moAPY2 mol e cules and higher val ues of di pole mo ment
com pared to the orig i nal mol e cule of N-(pyridin-4-yl)
pyridin- 4-amine (APY2) in di cat ing the moAPY2 mol e -
cules to be a prom is ing de riv a tive for non-lin ear op ti cal ap -
pli ca tions af ter solv ing com pli ca tions dur ing the chem i cal
syn the sis of this type of in ter ca late. 

In tro ducti on

From the point of view of op ti cal ap pli ca tions, ma te ri als
with non-lin ear op ti cal prop er ties are of huge in ter est [1].
Or ganic push-pull de riv a tives are one of such mol e cules
[2-4]. Based on the pre vi ous cal cu la tions, the mol e cule
moAPY2 (see Fig. 1) – a de riv a tive of the op ti cally ac tive
APY2 mol e cule – was cho sen as a prom is ing de riv a tive for 
in cor po ra tion into the ZrSPhP host ma tri ces as a high
value of the to tal di pole mo ment, a quan tity re spon si ble for

non-lin ear prop er ties of this ma te rial, was ex pected. The
goal of the in ter ca la tion into the ma tri ces is to trans fer such
use ful be hav iour into a mac ro scopic level. Mo lec u lar sim -
u la tions are one of the meth ods that can be used for de ter -
min ing the ar range ment of in ter ca lates and to pre dict
re lated be hav iour of the re sul tant ma te rial which can have
prom is ing prop er ties and can be po ten tially syn the sized. 

Mo le cu lar si mu lati ons

The mo lec u lar me chanic cal cu la tions were per formed in
the Ma te ri als Stu dio mod el ling en vi ron ment [5]. An ini tial
model of the host struc ture was used from the re sults of our
pre vi ous re search [6]. The ge om e try op ti mi za tion in this
case was based on the pre sump tion of the ri gid ity of the in -
or ganic zir co nium-phos phate part of ZrSPhP with the

a-zir co nium hy dro gen phos phate lay ered struc ture de ter -
mined by Troup and Clearfield [7]. The cell di men sion c
was pro longed so that the interlayer spaces could ac com -
mo date the guest mol e cules. The amount of mol e cules of
the or ganic de riv a tives as well as the amount of the wa ter in 
the interlayer space was taken sim i larly to the re sults of
chem i cal anal y sis of the in ter ca lated mol e cules of APY2.
We sup pose a protonation of the guest mol e cules at
pyridine ni tro gen at oms, like in the case of APY2. Thus,
two hy dro gen at oms were bonded to them and the to tal
charge of the mol e cule was set to +2 el. The pos i tive charge 
was com pen sated by ran dom de le tion of hy dro gen at oms
of the SO3H groups across the ZrSPhP lay ers which were
each set to carry -48 el. The to tal chem i cal com po si tion of
the cal cu lated mod els was Zr100(SPhP)200

-96(GUEST)48
+96·

150H2O. In or der to ob tain the best po ten tial ar range ment
of the guest mol e cules from the point of view of their op ti -
cal prop er ties, the guest mol e cules were lo cated in rows in
the ini tial mod els. Dif fer ent ar range ments were pre pared,
with two main types of ori en ta tions of the guest mol e cules
– the cen tral ni tro gen atom fac ing the same or al ter nat ing
di rec tion. In the ini tial mod els in the Fig. 2, the rows were
ar ranged in two di rec tions – per pen dic u lar or par al lel to
cell axis a – or in their com bi na tion for two ad ja cent
interlayers.

All ge om e try optimizations were per formed us ing the
COMPASS force-field [8]. Charges were ad justed us ing
the Qeq method [9], the elec tro static in ter ac tions were cal -
cu lated us ing the Ewald sum ma tion [10-11], van der Waals 
en ergy was eval u ated with Lennard-Jones po ten tial with a
cut-off of 12 C. The quench molecular dy nam ics was done
in an NVT sta tis ti cal en sem ble pre serv ing the num ber of
par ti cles, the vol ume and the tem per a ture of the sys tem.
Berendsen ther mo stat [12] was set to 300 K. Dy nam ics was 
cal cu lated with the time-step of 1 fs with 106 steps. Dur ing
the sim u la tions, the ZrSPhP atomic po si tions were kept
fixed ex cept of the sulfonate groups.Fig ure 1. The op ti mized con for ma tion of the moAPY2 mol e -

cule in the COMPASS force field.
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Re sults

The re sults of the ge om e try optimizations showed us pos si -
ble ar range ments of the con cerned mol e cules within the
interlayer space of ZrSPhP which al lowed us to better un -
der stand and pre dict the re sul tant prop er ties of the real in -
ter ca late. Due to the fact that the ma te rial with in ter ca lated
mol e cules of moAPY2 has not yet been suc cess fully syn -
the sized ex per i men tally, it is not pos si ble to com pare the
ex per i men tal data with the cal cu lated ones as it is done
con ven tion ally, for ex am ple us ing the X-ray dif frac tion.
More over the amount of the in ter ca lated mol e cules is not
ver i fied ex per i men tally. For those pur poses, the in for ma -
tion about in ter ca la tion of orig i nal mol e cule of APY2, sim -
u lated in our pre vi ous re search [13] and af ter cell
re fine ment [14], was used as fun da men tal data for the
moAPY2 de riv a tive. This study is there fore fo cused only
on the com par i son of dif fer ent ar range ments with re spect

to the to tal value of po ten tial en ergy and on the comparison
of their dipole moments which is the important value for
optical application purposes.

The pre sented struc ture is the model with the low est po -
ten tial en ergy – see Fig. 3. The sim u la tions re vealed that
the al ter nat ing ori en ta tion of the in ter ca lated mol e cules is
pre ferred. One can see a dis or dered ar range ment of the
moAPY2 mol e cules. At sev eral places, the in ter ca lated
mol e cules even trench into the sulfo- groups’ re gion. It is
ap par ent that in this case the rows were ini tially ar ranged in 
the per pen dic u lar di rec tions to each other. As this is the
most prob a ble model, we can say that there is not one pre -
ferred di rec tion of the rows. From the top of view, see Fig.
4, it is ev i dent that the in ter ca lated mol e cules only par tially
hold their ini tial row ar range ment. It is pos si ble to see that
the mol e cules are kept to gether in this ar range ment by the
in ter ac tions of the pyridine rings. Wa ter mol e cules are
mostly lo cated in the thin sheets be tween the moAPY2

Fig ure 2. Dif fer ent ini tial ori en ta tions of moAPY2 mol e cules re lated to a-axis. 

Fig ure 3. The op ti mized ar range ment of the in ter ca lated ZrSPhP with moAPY2 mol e cules, a side view.
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mol e cules and SO3
- groups of the ZrSPhP, see the con cen -

tra tion pro file in the Fig. 5. Wide dis tri bu tion of the po si -
tions of moAPY2‘s ni tro gen at oms con firms dis or dered
ar range ment of the guests. 

In or der to better un der stand the char ac ter is tics of the
in ter ca lated ZrSPhP for its po ten tial use as non-lin ear op -
tics ma te rial, we cal cu lated di pole mo ments of APY2 and
its moAPY2 de riv a tive for com par i son. The to tal di pole
mo ments and their com po nents were cal cu lated for all mol -

e cules within one interlayer. In the case of APY2, we cal -
cu lated the di pole mo ment vec tor D of the guests for the ar -
range ment with al ter nat ing po si tions of cen tral NH for a
di rect com par i son. The re sults are sum ma rized in the Ta ble 
1. Di pole mo ment is in flu enced by the dis or der of the
guests’ ar range ment in the interlayer space. The size of the
D vec tor of the guests in ZrSPhP mod els con tain ing
moAPY2 is much larger than in the case of APY2 mol e -
cules and the size of D vec tor of the guests in di cates that

Fig ure 4. Dis or dered ar range ment of the moAPY2 in ter ca late be tween the lay ers of ZrSPhP, a top view on two interlayer spaces.
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ZrSPhP-moAPY2 could be, based on the calculation, a
good candidate for the non-linear optics applications.

Conclu si on

The cal cu lated struc ture of ZrSPhP with moAPY2 mol e -
cules in the interlayer space was built and op ti mized in the
Ma te rials Stu dio soft ware pack age. The most prob a ble
model with the min i mum en ergy showed us pre ferred ir -
reg u lar dis tri bu tion of the op ti cally ac tive moAPY2 mol e -
cules with par tial row ar range ment. Wa ter mol e cules are
mostly lo cated in the sheets be tween the moAPY2 mol e -
cules and the SO3

- groups. Dif fer ent ori en ta tions of the in -
ter ca lated mol e cules have an im pact on the to tal di pole
mo ment of the ma te rial which plays a key role in the po ten -
tial op ti cal ap pli ca tions.
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Fig ure 5. Con cen tra tion pro file of ZrSPhP interlayers with the dis tri bu tion of wa ter mol e cules, sul fur at -
oms and all ni tro gen at oms in moAPY2 along c cell coordinate.

Di po le mo ment [D] Dx Dy Dz |D|

APY2 [13] -1.3 -4.0 -4.7 6.3

mo A PY2 -104.0 -17.5 22.4 107.8

Ta ble 1. Com par i son of the di pole mo ments [Debye] for the mol -
e cules of APY2 and moAPY2 in ter ca lated into ZrSPhP.


